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Figs. S1 to S14 Tables S1 to S5 Auxiliary data tables S1 to S3 References (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) A central process in evolution is the recruitment of genes to regulatory networks. We engineered immotile strains of the bacterium Pseudomonas fluorescens that lack flagella due to deletion of the regulatory gene fleQ. Under strong selection for motility, these bacteria consistently regained flagella within 96 hours via a two-step evolutionary pathway.
Step 1 mutations increase intracellular levels of phosphorylated NtrC, a distant homolog of FleQ, which begins to commandeer control of the fleQ regulon at the cost of disrupting nitrogen uptake and assimilation.
Step 2 is a switch-of-function mutation that redirects NtrC away from nitrogen uptake and toward its novel function as a flagellar regulator. Our results demonstrate that natural selection can rapidly rewire regulatory networks in very few, repeatable mutational steps.
A long-standing evolutionary question concerns how the duplication and recruitment of genes to regulatory networks facilitate their expansion (1) and how networks gain mutational robustness and evolvability (2) . Bacteria respond to diverse environments using a vast range of specialized regulatory pathways, predominantly two-component systems (3) , which are the result of adaptive radiations within gene families. Due to past cycles of gene duplication, divergence, and horizontal genetic transfer, there is often extensive homology between the components of different pathways (4), raising the possibility of cross-talk or redundancy between pathways (5). Here we monitor the recovery of microbial populations from a catastrophic gene deletion: Bacteria engineered to lack a particular function are exposed to environments that impose strong selection to re-evolve it, sometimes by recruitment of genes to regulatory networks (6) (7) (8) (9) .
In the plant-associated soil bacterium Pseudomonas fluorescens, the master regulator of flagellar synthesis is FleQ (also called AdnA), a s 54 -dependent enhancer binding protein (EBP) that activates transcription of genes required for flagellum biosynthesis (10, 11) . The starting P. fluorescens strain is AR2; this strain lacks flagella due to deletion of fleQ and is unable to move by spreading motility due to mutation of viscosin synthase (viscB), resulting in a distinctive, pointlike colony morphology on spreading motility medium (SMM) (12) (Fig. 1A) . We grew replicate populations of AR2 on SMM (see supplementary materials and methods); when local nutrients became depleted, starvation imposed strong selection to re-evolve motility. To demonstrate that this finding was not strain-specific, we replicated these experiments in a different strain of P. fluorescens, Pf0-2x. This strain is a DfleQ variant of Pf0-1, already viscosindeficient, and thus unable to move by spreading or swimming motility (10) .
After 96 hours of incubation of AR2 and Pf0-2x at room temperature on SMM, two breakout mutations were visible, conferring first slow (AR2S and Pf0-2xS) and then fast (AR2F and Pf0-2xF) spreading over the agar surface (Fig. 1A) . The AR2F strain produces flagella, but we could not detect flagella in electron microscopy samples for AR2S (Fig. 1B) . Genome resequencing revealed a single-nucleotide point mutation in ntrB in strain AR2S, causing an amino acid substitution within the PAS domain of the histidine kinase sensor NtrB [Thr 97 →Pro 97 (T97P)] (13). The fastspreading strain AR2F had acquired an additional point mutation in the s 54 -dependent EBP gene ntrC, which alters an amino acid (R442C) within the DNA binding domain (Table 1 and  table S2 ).
NtrB and NtrC make up a two-component system: Under nitrogen limitation, NtrB phosphorylates NtrC, which activates transcription of genes required for nitrogen uptake and metabolism. To determine how mutations in this separate regulatory pathway restored motility in the absence of FleQ, we performed microarray and quantitative reverse transcription polymerase chain reaction analyses of the ancestral and evolved strains ( fig. S1 and table S1). The expression of genes required for flagellum biosynthesis and chemotaxis was abolished in AR2 compared with wildtype (WT) SBW25 (Fig. 2A) . The ntrB mutation in AR2S partially restores the expression of flagellar genes and overactivates the expression of genes involved in nitrogen regulation, uptake, and metabolism. The subsequent ntrC mutation in AR2F reduces the expression of nitrogen uptake and metabolism genes while further up-regulating flagellar and chemotaxis gene expression to WT levels (Fig. 2B) . Although AR2S and AR2F showed higher growth rates than the ancestor in lysogeny broth (LB) medium (the medium on which the mutants arose; Tukey-Kramer post hoc test, growth in LB compared to AR2: AR2S, P < 0.001; AR2F, P < 0.001) (Fig. 1C) , both mutants grew poorly in minimal medium with ammonium as the sole nitrogen source (Tukey-Kramer post hoc test, growth in M9 + ammonium compared to AR2: AR2S, P < 0.001; AR2F, P = 0.001). This is likely to be the result of ammonium toxicity due to the strong up-regulation of genes involved in ammonium uptake and assimilation, indicating a pleiotropic cost of this adaptation.
Sequencing of the ntrBC locus from independently evolved replicate strains showed that evolution often followed parallel trajectories in both AR2 and Pf0-2x: Mutation of ntrB gave a slowspreading strain, and this was followed by mutation of ntrC yielding a fast-spreading strain (Table 1 and Fig. 3, A and C) . Although all Pf0-2xF replicates carried mutations in ntrC, several Pf0-2xS strains were not mutated in ntrB, suggesting an alternative evolutionary pathway. Genome resequencing of these strains revealed mutations in glnA or glnK (Table 1 and Fig. 3B ) that are likely to result in loss of function, leading to abnormally high levels of phosphorylated NtrC: Reduced ammonium assimilation by glutamine synthetase (glnA) would impose severe nitrogen limitation in the cell irrespective of nitrogen availability, whereas GlnK is a PII-protein that regulates both NtrB and glutamine synthetase activities.
These data suggest a predictable two-step evolutionary process:
Step 1 increases levels of phosphorylated NtrC, via either (i) a direct regulatory route with mutations in NtrB or GlnK or (ii) a physiological route with loss-of-function mutations reducing glutamine synthetase activity and causing NtrB activation, partially or intermittently reactivating the flagellar cascade. In step 2, NtrC adapts to enhance activation of the flagellar genes and, in doing so, becomes a less potent activator of nitrogen uptake genes. This model explains the microarray data and is consistent with the predicted structural effects of the mutations (Figs. 2 and 3) . Specifically, for NtrB the structural changes are likely to either increase kinase or reduce phosphatase activity. In support of this, the mutated NtrB(D228A) repeatedly emerging in Pf0-2xS resembles NtrB(D227A) in P. aeruginosa, which constitutively activates the Ntr system (14) .
NtrC is a distant homolog of FleQ, sharing 30% amino acid identity and the same three structural domains (template modeling score > 0.7; P < 0.001) (Fig. 3D) (15) : an N-terminal receiver domain, a conserved central s 54 -interacting domain, and a C-terminal DNA binding domain containing a helix-turn-helix (HTH) motif flanked by highly disordered regions. We posit that an overabundance . Strains were grown in differing nitrogen environments: in 10 mM glutamine (Gln), glutamate (Glu), and ammonium (NH4) as the sole nitrogen source or in high-nutrient lysogeny broth (LB) (AR2: F 3,12 = 13.460, P < 0.001; AR2S: F 3,12 = 72.674, P < 0.001; AR2F: F 3,12 = 52.538, P < 0.001). There were also differences between the doubling rate of strains within each nitrogen medium [Glu: F 2,9 = 12.654, P = 0.002; NH4: F 2,9 = 40.529, P < 0.001], with the exception of Gln (F 2,9 = 3.703, P = 0.067). Table 1 . Mutational trajectory toward slow-and fast-spreading phenotypes. Mutations confirmed in slow-spreading motility variants are predicted to result in hyperphosphorylation of NtrC; mutations in fastspreading variants lead to predicted switched specificity of NtrC-P toward FleQ targets. Slow-and fastspreading variants share the same ancestry.
Strain
Slow spreaders (AR2/Pf0-2xS): hyperphosphorylation of NtrC Fast spreaders (AR2/Pf0-2xF): switch of NtrC-P specificity of phosphorylated NtrC activates transcription of flagellar genes through functional promiscuity (16) . Consistent with this, the ntrC mutations in fast-spreading strains are predominantly located within or adjacent to the HTH domain and probably influence enhancer-binding specificity; one is a frameshift abolishing the HTH altogether (Fig. 3C) . The evolved NtrC′ must be constitutively phosphorylated by overactive NtrB to enable its new multipurpose role, with the result that flagellum biosynthesis and nitrogen regulation are probably no longer responsive to environmental stimuli. Consequently, there is a trade-off between nitrogen use and motility (Fig. 1, A and C) . The flagellar regulatory network may have an unusually dynamic evolutionary history. Flagella are expensive to make and not always advantageous. Pathogens expressing flagella can trigger strong immune responses in the host, so rapid transitions are seen over short time scales between uniflagellate, multiflagellate, and aflagellate states (17) . This volatility is reflected in the structure of regulatory networks: In close relatives of Pseudomonas, fleQ appears not to be involved in flagellar gene expression (18) , and in Helicobacter pylori, a gene of unknown function can be used as a "spare part" to permit motility in flhB mutants (19) . Our results illustrate that transacting mutations can contribute to gene network evolution (20) , but that as predicted, such mutations bear severe pleiotropic costs (21, 22) . Genes can retain the potential to take on the functions of long-diverged homologs, suggesting that some degree of evolutionary resilience is a consequence of regulatory pathways that evolve via gene duplication. Although de novo origination of new functions in nature is likely to take longer and involve more mutational steps, this system enables us to understand the adaptive process in detail at the genetic and phenotypic level. We identified a tractable model for gene network evolution and observed, in real time, the rewiring of gene networks to enable the incorporation of a modified component (NtrC′) creating a novel regulatory function by a highly repeatable two-step evolutionary pathway with the same point mutations often recurring in independent lineages. 3 . Full-chain multitemplate 3D models of protein structures of slow-and fast-spreading motility variants. Slow-spreading variants can follow either the direct regulatory route through mutation of NtrB or GlnK (A) or the physiological route through mutation of GlnA, causing overactivation of NtrB (B). Both routes are predicted to lead to hyperphosphorylation of NtrC. Fast-spreading variants all show mutational changes to NtrC (C), which has a similar global structure to FleQ (D). The color scheme represents the variation in models, which correlates with local (per-residue) quality and disorder. Regions colored in blue and green represent low local variability in structure, whereas those in red show high local variability (see Table 1 and table  S2 
